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(54) Method of making an organic thin film transistor 



(57) A process for fabricating thin film transistors in 
which the active layer is an organic semiconducting ma- 
terial with a carrier mobility greater than 1 (T 3 crr^/Vs and 
a conductivity less than about 10* 6 S/cm at 20 °C is dis- 
closed. The organic semiconducting material is a re- 
gioregular (3-aIkylthiophene) polymer. The organic 



semiconducting films are formed by applying a solution 
of the regioregular polymer and a solvent over the sub- 
strate. The poly (3-alkylthiophene) films have a pre- 
ferred orientation in which the thiophene chains has a 
planar stacking so the polymer backbone is generally 
parallel to the substrate surface. 
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D scrlption 

1. Field of th Inv ntlon 

The present invention relates generally to thin film transistors (TFTs) incorporating an active layer of organic ma- 
terial, and to methods for making such transistors. 

2. Description of the Related Art 

* im/«tioated for use as the active semiconductor layer in thin film field effect 

H!^>^»«^iU> and are compatible with the plastic' substrates on which thin f, m FETs are typ^^ 
Zlh a*™*£™e important when fabricating low-cost, large area devices. In order for an organ^materal to be 
useful asTe ^e semiconductor layer in thin film FETs, the resuKing devices must have an 
Tvoicallv thin film FETs must have an on/off ratio of at least 10». The term on/off ratio as used m the disclosure refers 
oi nTsource^rain current when the transistor is on to the source^ current » * 

ThTorooerties of the organic semiconductor material that indicate whether the material is suitable for use as an 
actrTse^Sucto aje° arT he carrier mobility and the conductivity. The carrier mobility (u) . a measure , of tte 
active se ™°™ u ™ f semiconducting materia! and is important because 

SaiHy of the semiconducting material layer to conduct an electric charge. The conduct™* is related to 
the carrier mobility through 



o = qpu. 



where p the carrier density and q is the elemental charge. Organfc semiconducting materials 

JL.kJ? \r>3 em 2/Vs fcentimetersWolt -second) and conductivities less than about lO* S/cm (Siemens/ 
Safe™ ^ i" «■ FETs having an actfce semicon- 

H.totinn laver with such orooerties will have an on/off ratio of at least about 1(K 

^ to fabricate organic thin flm transistor (TFT) devices: *<^;*f*^ 

zation sdutirapplication and vacuum deposition. Tsumura, A., et al.. 'Macromolecular electronic device Field-effect 

of a semiconductinq organic polymer using electrochemical polymerization of 2,2 -bithiophene with tatraethynrrmom. 
mZttoSSw in an acetonitrile solution at a constant current of 100 uA/cm* (microamperes/centimeter^ 
Z P ££XZ^"fa •«* electrochemical polymer^ation a porylhiophene compound haw, acarner 
mobility of about 10* crrf/Vs. which makes this material unsatisfactory for use in thin film FETs. 

Zadi A et al -Field-effect mobility of poly(3-hexylthiophene)\ Aopl.Phys . Lett. vol. 53 (3). pp. 1 95 - 1 97 (1 988) 

disculs^ 

poly (3-hexylthiophene) in chloroform at a concentration of 1 mg/ml. which is ^^ r ^^ s °^f^ 
The organic polymer formed is a poly (3-hexylthiophene) film having a carrier mobility of about 10* cm A/s to 10 

cm2/Vs, which makes this material unsatisfactory for use in thin fl ' m de ^ s . M . r ...... A „, p _ vs , ett vol 

Fuehiaami H eta! ■Polythienylenevinylerie thin-film transistor with high earner mobility , Appl. Phys. Lett. , vol 
W^T^^mSSLm the'formation of a porylhienylenevinylene semiconducting film from a soluble 
p? ™ o tne polmer. The precursor polymer is deposited from solution ^^^^^1 
reaction to the semiconducting polymer. Organic semiconducting polymers formed using the two-step Fuchtjarn et 

. JJJJS al -An-Polvmer Field-Effect Transistor Realized by Printing Techniques', Science, vol. 265, 

on 684 1 686 W^o£EH«^ polymers formed using vacuum deposition have carrier mobiles 
^i^^Sl^^ desaibed'in Garnier et al. requires the use of expensive eva P orat,on tools, 
so as to limit the utility of such a process for fabricating low-cost thin film FETs. 

Accordingly, techniques useful for forming organic semiconductor layers continue to be sought. 



ss Summary of the Invention 



• j- *^ * «rrv-ocie w makina a semiconductor thin film transistor (TFT), in which the 
. The present invent.on is d.reded to a 1fja cm 2/v s and a conductivity less than about 

active layer is an organic material having a earner mobility greater man i u- cm / vs *» * 
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. ■ i- - k^nnoivmar of 3-alkvlthiophene monomers. The homopolymer 
1 o-s S/cm. The organic semiconductor material is a homopolymer or J amy umop 

has a regioregular structure. mon0 mers the orientation of the alkyl group (R group) on a 

in the regioregular homopolymer of 3-alkylth l0 ph ^^^3 moieties on * e p0 |ymer chain. That is. the 
given thiophene moiety is regular with res P ect 0 in the polymer 

alkyl group is positioned on the thiophene ^^^^^li^ moieties. Most of the thiophene 
backbone, only one alkyl group .s onen ted m the spa ce between the ™ £ oweV er. regioregular 3-alkylthiophene 

^o^—to,'^ 

ducto, layer. The third contact, physicallr SS^5» cS* are made of a matal. Metals useful 

^rirs^rrrr,eS^~ «. - a .*» 

metal is gold. „ Hl irtina i aver j s formed by applying a solution of the 

STapp«sd using avarfet, of «^T^*^^^^3Ul dM .fcs.np.ioo 
OM ot*cts and Muna of the present m-entron w* become appa™ '^"J^ „ 

the appended claims. 

Brief Description of the Drawings 

FIG. 1 is an illustration of the structure ol a poly(3^1lo/lthiophena) compound incorporating a regiotegular structure 
«ith head-tc-tail <HT) l*ajj« regioregular structure shown in RS. 1 ; 

E S KSSSttwS-y ft. Process C present tW, 

Detailed Description 

The present ,v.n,c is directed toa <°~^^^ 

off ratio greater than about 10 3 at 20 °C. ^, WMr rtf o oikvlthioohene monomers useful as the active semi- 

substituents include carboxylic acid, sulfonic acid, ^ thiol. h ori entation of the alkyl group on the thiophene 

in the regioregufcr homopolymer ThuS " *° 

moiety is regular with respect to the adjacent thiophene moiefces 01 ine p ^ ^ 

thiophene moieties in th pofymer backbone, on* ^^^S^^SSuS in FIGs. 1 and 2. respective*, 
moieties. Two different regioregular poly (^^^^^'nLnv with respect to the polymer back- 
FIG. 1 illustrates a structure in which the thiophene n ^J^^^%i 2 illustrates a structure in which 
bone. Consequently, the R groups in F.G. 1 are on «^^^^ri*on. alternate between a first 
the orientation of the thiophene moieties in_ ^^S^^^ the first orientation are on a first 
orientation and a second onentation. The " 9 "JSes with the second orientation are on the side of the 

side of the poiymer backbone R [^^J^^^S^ h the polymers depicted in F.Gs. 1 and 
polymer backbone opposite the first side. Since the location o. m,n S 
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2 is regular, the structures are denominated as regioregular. Such a regioregular orientation of the R groups ,j , the 
lion^L moieties that make uo the polymer backbone will hereinafter be referred to as hav.ng a head-to-tail (HT) 

sl^^ mon ° mers has at ,east 95 % ht ,inka9es - t a T" TTrl 

of Se thiJphene moieties (less than aboJ 5 %) in the polymer chain having an orientation that does not conform to 

th8 'TiCSZTL* of a metal-insulator-semiconductor (MIS) FET type device made u*o the process 
of the present invention. The MISFET 100 includes a substrate 110 over which a layer of insulating materia 120 and 
a meta' conlt 130 are formed. Two additional metal contacts. 140 and 150. are formed over the layer of .nsulat, g 
material A layer of organic semiconducting material 160 is formed over and between the contacts 140 and 150. (In 

of a MISFET, shown in FIG. 4. meta. contact 130 is formed between the subs trate 110 £ *• ^ 
of insulating materal 120. and the meta. contacts 140, 150 are formed on organic ^m^nduct>ng mat enal 160). 

The substrate 110 is made of conventional materials such as silicon, glass, or plast.c. The contacts 130. 140. 150 
are made of a conventional material for this purpose such as gold, indium-tin-oxide (ITO ) conductive ink. or conducting 
P^ymer. The contacts 1 30. 1 40, 1 50 are formed using well known, conventional techniques wh.ch are not d.scussed 

"ton^embodiment. the teyer of insulating materia. 120 is an organic material Examples of <^ J*"* 
materials include polyimides. polyesters, and polymethylmethacrylate (PMMA). The layer of 
S^ed by casting.yncoatingorprintingthe organic ^sulatingmateria^ 

the insulating layer is printed on the substrate using a screen mask. The screen mask is made of a stainless steel 
££T2o^h count per inch and an emulsion thickness of about 7.5 micrometers (urn). The 
is applied to the stainless steel fabric and a squeegee (doctor blade) is used to press the organic mate 
ooenLs in the screen and onto the substrate surface. Insulating layers formed using such screen panting have thick- 
ntrs 9 a P proxirSting 0.1 micrometers frm) to 1 .0 micrometers (un,). Typical*, the capactence of ^"subtjng ma- 
terial shoukl be about 10-e F/cm* (farads/square centimeter). The layer of insulatmg matenal is optionally formed of 
iTnorganic material such as silicon dioxide, silicon nitride (S*N 4 ). or aluminum oxide (Al^), usmg well known con- 

V6nt TT^ 

and an appropriate solvent, using conventtonal techniques such as sph«oat,ng. castmg. or ^n»ftr«^ 
regioregufcr poly (3-alkylthiophene) compounds are soluble in chlorinated organic solvents such as ^ch 'o^. meth- 
ylene ch.oride, chlorobenzene. and tetrachtoroethylene. It is desirable for the organ.c polymer to M"***^ 
solved in the solvent because discontinuities occur in films formed from solutions contammg preapitated polymers. 
The thickness of the organic semiconducting material 160 is at least 300 A. 

By way of example, MIS-FET type TFTs, such as the MIS-FET shown in FIG 3. are formed w,th channel 
lengSand a 250 um gate length on an n-doped silicon substrate 1 10. A 3000 A thick layer of sHicon dmrie (SO,) fe 
on^ed over the sSate 110 The insulating material 120 is the SiO a layer having a -P'f-^^'g^ 
(nanofarads/square centimeter): Two separate go* contacts bare formed over the layer of insu atmg *ater*l m A 
third contact is formed directly on the silicon substrate 110. A layer of poly (3-alkylth.ophene) is formed over the insu- 
lating material 1 20 and the contacts 1 40, 1 50 formed thereon. 

Example 

Regioregular poly (3-hexyl«hiophene) (PHT). poly (3-octylthioohene) (POT) and poly ^t c ^^^ 
were obtained from Mdrich Chemical Company. The linkages in these polymers were at least 98 .5 % >™»"^ 
The por/mers had a number averaged molecular weight above 25.000 and polyd,spersrty of about 1^5. T^rtg™ 
were purified by dissolving them in toluene and precipitating from acetone. The punf.cat.on was performed three tomes 

total and the polymer was then extracted with acetone. ri^h 
Each regioregular poly (3-alkylthiophene) (0.01 g/ml) was dissolved in chloroform at room temperature and filtered 
through a 0.200 urn pore size polytetraflouroethylene (PTFE) membrane synnge filter. 

Devices were formed using the above identified regioregular poly (3-alkylthiophene) compounds as the active 
layeo as e e ra " esatd above with reference to FIG. 3. The solution containing the dissolved 
over the insulating-layer by casting, wrth the thickness of the resulting films dependent on the so luton concent^ 
The substrate was drLd in'a vacuum environment for up to 24 hours. The pory (3-alkylthiophene) 
exposed to gaseous ammonia (NH 3 ) for up to 10 hours, by placing the substrate .n an enclosure where nitrogen fjy 
gas was bubbled through an ammonium hydroxide aqueous solution. ,_„ aH in Ta ht a I hetaw 

The carrier mobility and conductivity for various films prepared as descnbed above are reported .n Table I below. 
On/off ratios for devices fabricated from these films are also reported. 
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TABLE I 



PHT 

PHT(NH 3 exposed)* 

POT 
PDT 



FILMCARRIERMOBILITY 
(cm 2 /Vs) 

1.0 -3.9.x 10* 
1.0-2. 1 x 10- 2 
1.0- 2.5X10- 2 
2x10- 6 -10" 4 



FILM CONDUCTIVITY (SI 
cm) 

SxlO^-LSxIO- 4 

3x10- 7 -1.5 x10* 6 
1.5x10-5-7.5x10-5 

4x10- 9 -2x10- 7 




DEVICE ON/OFF RATIO 

100-400 
1000 - 9000 
10-60 
10-30 



The range of values for the carrier mobility, conductivity, and on/off ratio reported .n Table I were measured from 
deviS Sed fusing at least two substrates for each semiconducting material layer. For example 
orgSc Xer layers wRh the hexyl substtuents were formed on ten substrates wth at least twenty dev lC es formed 

on each substrate. . , „ . 

The carrier mobility, u, reported in Table I was calculated using the following equation. 

l M = (WC/2L)u(V Q -V 0 ) 2 

where W is the channel width (250 pm), L is the channel length (12 urn) and C, is the capacitance perunit area of the 
tTol ZZ^Z^ (10 nF/S . To calculate the carrier mobility, u, using the above-identified equation *e 
i D arentTeshc-W voltage (V 0 ) of the device is determined from the relationship between the square root of the drain- 
SSrcecu™ 

values back to U?= 0 The l M at the saturated region is determined by observing the relationship between the drain 
Surce vSe (V Jand thfdrain-source current at a given V G . I^ at the saturated region is where 1^ no longer 

V 0 is conventional and well known to persons skilled in the art 
The conductivity was determined from 



o = — z — 



where q is the capacitance of the insulating layer. V 0 is the apparent threshold voltage, u is the carrier mobility, and 
d is the thickness of the semiconducting polymer film. ™ a » aP 

^eLoffra^ 

than the drain voltage (V D ) to the drain current flowing when V 6 is zero. For example, if 1^ b 9 x 10"« A wheny^d 
w VUlZ. It \nn v »„h I i, i * 10-9 a when V« = 0 and V D = -100 V. then the on/off ratio of the device is 9 x 10 3 . 

^Cugh^i^n ^ 

is linked toL morphology of the poly(3-alkylthiophene) films. X-ray drff raction analysis of >>»'^P^»; 
yShene) fiims enumerated in TABLE I is shown in FIG. 5. which il.ustrates a very strong. ^V^°« Qt ™™«™ 
peak at 5 4' a second order diffraction peak at 10.8'. and a third order detraction peak at 16.3' corresponding to an 

intemSl^^^ 

to th™ Jl^^Ti hi!" or thfoph'ene chains, spaced apart by the alky, groups. Thus, the th IO phene pofymer 

^regular 

the photograph of FIG. 5. Electron diffraction illustrates a major peak at abou 3.7 - 3* \^^^f;^ s 
distance between the stacked thiophene rings in adjacent chains. Such a value or the th.ophene 
a preferred orientation in which the hexyl groups are orientated about normal to the surface of the substrate with the 
direction of the stacked thiophene chains parallel to the substrate. 

Claims 

1 . A process for fabricating organic thin film transistors (TFTs). comprising the steps of: 
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forming a gate electrode on a substrate; 

and forming an active layer of organic material, wherein me active wye. w. y 

adrain electrode in confcct w«h the act.e fcyer of organic materia, fcye, 

2. The process of ctoim 1. wherein the acUve layer of the organic material is regioregular poly (3-alkylthiophene). 

3. The process of claim * wherein the regioregular poly (3-alkytthiophene) has a structure selected from the group 



consisting of 



-R A 



and 




4. The process of claim 3. wherein R is a substituted alkyl group or an unsubstituted alkyl group. 

5. The process of claim 4. wherein the alkyl group has two to twelve carbon atoms. 

6. The process of any of the preceding claims, wherein the solvent is a chlorinated organic solvent. 

7. The process of claim 6, wherein the chlorinated organic solvent is chloroform. 

8. The process of any of the preceding claims, wherein the solution of the organic material combined with solvent 

is printed over the insulating layer. 

9. The process of any of the preceding claims, wherein the ^rdtaMhg materia, is selected from the group 
consisting of polyimide, polyester, and polymethylmethacrylate (PMMA). 

1 0. The process of any of the preceding claims, wherein the layer of insulating mater*, is printed over the substrate. 

11. A thin film transistor comprising: 

a gate electrode on a substrate; 

12. The Hn fflm transist* ol clain, „ . «her»ln the ..ofor^lar pol, (S-a^lMophene) has » —« >e„*Ud tar, 

the group consisting of 
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is 

13. The thin film transistor of claim 12, wherein R is a substituted alkyl group or an unsubstituted alkyl group. 

14. The thin film transistor of claim 13, wherein the aklyl group has two to twelve carbon atoms. 

20 15. The thin film transistor of any of claims 11 to 14, wherein the layer of insulating materia! is selected from the group 
consisting of polyimide, polyester, and polymethylmethacrylate (PMMA). 

25 
30 
35 
40 
45 
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